All-optical switches are introduced which are based on deoxyribonucleic acid (DNA) in the form of electrospun fibers, where DNA is semi-intercalated with a push-pull, luminescent nonlinear pyrazoline derivative. Optical birefringence is found in the organic nanofibers, with fully reversible switching controlled through continuous-wave laser irradiation. The photoinduced signal is remarkably large, with birefringence highlighted by optically-driven refractive index anisotropy approaching 0.001. Sub-millisecond characteristic switching times are found. Integrating dye-intercalated DNA complex systems in organic nanofibers, as convenient and efficient approach to template molecular organization and controlling it by external stimuli, might open new routes for realizing optical logic gates, reconfigurable photonic networks and sensors through physically-transient biopolymer components.
Results and discussion
Previous works found that the specific interaction between the DNA and photochromic azo -molecules (semiintercalation) leads to a fully-reversible photoisomerization which is much faster than that of typical host-guest systems.
6, [37] [38] [39] [40] [41] [42] Thanks to this unique structure promoted by the bio-organic matrix (Fig. 1b) , it is possible to obtain semi-hooking of the dye molecules and to straightforwardly control their spatial arrangement by polarized light irradiation, thus causing dynamic and fully-reversible modulation of refractive index. The so-achieved, photocontrolled system features two well-defined and reversible states. PY-pCN, which is a push-pull, π-conjugated compound featuring intramolecular charge transfer, was achieved by the synthetic route shown in Fig. 1c and detailed in the Supplementary Information file (molecular characterization are reported in Figure S1 and S2). 42 Recently, pyrazoline derivatives were utilized by us for light amplification (in laser action or random lasing), 3,43-45 multiphoton absorption, 42, 46 generation of light at higher harmonics, 47, 48 and their structure was found to be modified by light in a reversible way through trans or cis states. 49, 50 Electrospun PY-pCN/DNA-CTMA mats consist of mainly ribbon-shaped microfibers ( Fig. 2a) with roughly bimodal distributions in terms of transversal size peaked at about 250 nm and at about 1.2 m, respectively (Fig. S3) . The absorption spectrum of the active material, with the laser lines used for pump and probe experiments is presented in Fig.   S4 in the Supplementary Information. In our fibers, the overall degree of dopant alignment can be easily controlled by linearly polarized laser light, thus leading to refractive index anisotropy. Indeed, the fiber-embedded photoswitchable molecules can be oriented independently on the filament direction, the transition from the initially-isotropic system to an anisotropic one being promoted by laser excitation. Two regimes can be distinguished in this respect, namely short-and long-term photo-ordering, as schematized in Fig 2b. In the short-term (10 -9 to 10 -3 s), 51 proper photoinduced molecular transitions like trans-cis-trans photoisomerizations should be considered. For this process to take place, the excitation wavelength should be within the absorption range of the active medium, and there should be enough free volume in the matrix to enable the involved transition. In parallel, thermal relaxation occurs converting the metastable cis-form to the stable trans-isomer, and continuously leading the system towards a more isotropic arrangement (i.e. to a lowest-energy thermodynamic state) over timescales typically ranging from 10 -3 s to a few minutes. [51] [52] [53] The onset of significant photo-alignment at this timescales can be highlighted modulating the pump beam at frequencies above a few hundreds of Hz, and measuring the refractive index anisotropy by using an oscilloscope in AC mode in pump-probe experiments ( Similarly to optical Kerr effect, the intensity-induced linear birefringence can be described by an effective third-order nonlinear optical susceptibility, ,55-57
, where n0 denotes the refractive index of the system without excitation from the pump beam (n0=1.5), 58 ε0 is the dielectric constant and c the light velocity, both in vacuum conditions. In electrospun PY-pCN/DNA-CTMA fibers, the third-order nonlinear optical susceptibility was estimated to be of the order of 1×10 -12 m 2 /V 2 , in line with those found in well-established organic systems embedding nonlinear chromophores. 49, 50 As unprecedented evidence of such all-optical switching effect in electrospun organic fibers, these findings make such systems a promising alternative against spiropyran/merocyanine, 59 film-embedded azobenzene chromophores, 52, 60 polymethine compounds, 61, 62 and conjugated polycyanine. 63 Exemplary, monoexponential increase and decay behaviours for the long-term photo-ordering in the fibers are shown in Fig. S6 , indicating symmetric response during switching 'on'
and 'off' the system, with characteristic time for achieving the stationary state of photo-ordering of about 0.4 ms. In Fig.   4a we present the photoinduced birefringence acquired with the oscilloscope in DC mode and a pump beam modulator.
The remarkable signal stability at long times is highlighted in Fig. 4b . Even upon multiple photoinduced birefringence processes in the PY-pCN/DNA-CTMA fibers, n can be re-build quickly and, what is crucial for realizing optical switching devices, without appreciable efficiency losses.
To rationalize the molecular switching process more in depth and investigate the range of switching frequency accessible through electrospun PY-pCN/DNA-CTMA nanofibers, we investigated the correlation between photoinduced birefringence and laser light modulation frequency (Fig. 5a ). When the modulation frequency is roughly 300 Hz or lower, laser irradiation intervals are long enough to approach the photostationary state and a long-term optical anisotropy generation. This is evidenced by the stable values of the photoinduced birefringence measured for pump modulations in the range of frequency 50-300 Hz (Fig. 5a ). For faster modulations, the maximum photoinduced birefringence decreases, a result suggesting a predominant role of trans-cis-trans photoisomerization and thermal relaxation against long-term photo-ordering. For modulation at 800 Hz, a Δn of 0.00017 is found, highlighting a switching behaviour still significant upon approaching kHz frequencies (Fig. 5b) . The fast-responding system shows increase and decay times τAC(inc) = τAC(dec) = 0.35 ms at a modulation frequency of 200 Hz (Fig.s 5c and 5d drop wise and it was stirred overnight at temperature equal to 50°C. Then the solvent was evaporated and dichloromethane was added to the orange residue until it became homogenous. The final product was purified on silica gel with dichloromethane as eluent. Finally, it was crystallized from heptane. The reaction yield was 0.325 g (59.5 %). In FTIR spectra, all of the vibrations characteristic for the investigated pyrazoline derivative (such as: C-H aromatic, C-H aliphatic, C-N, C=N) were observed. Few characteristic vibrations should be distinguished, i.e. for the -C=C-group vibration localized close to 1646 cm -1 or for the nitrile one (-C≡N) around 2225 cm -1 .
Figure S1.
The photoluminescence (PL) spectrum of PY-pCN is shown in Figure S2 . The spectrum was measured by using Hitachi F-4500 FL spectrophotometer. Applied scan speed was set at: 240 nm/min. 
